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soybean is an important crop. The analysis suggests that control practices based on up-to-date maps of soybean rust observations and associated commentary from Extension Specialists delivered by the ipmPIPE may have suppressed the number and strength of inoculum source areas in the southern states and retarded the northward progress of seasonal soybean rust incursions into continental North America. The analysis further indicates that spore trapping and aerobiological modeling can reduce our reliance on the costly Sentinel Plot Network while maintaining the effectiveness of the ipmPIPE system for soybean rust management.
Soybean rust (SBR), caused by the obligate parasite Phakopsora pachyrhizi Sydow, is regarded as the most destructive foliar disease of soybean (Glycine max (L.) Merr.). The disease is spread by urediniospores that can be transported long distances by winds (23, 28) and may remain viable in the air for many days if they are protected from ultraviolet radiation by cloud cover (15) . SBR was first identified in the continental United States in 2004 (34) , having spread over the previous century from eastern Asia to Australia, India, Africa, and South America. In late September 2004, P. pachyrhizi urediniospores were likely blown by winds from northern South America to the southeastern United States and deposited by rain associated with Hurricane Ivan (16) .
At least 95 species of legumes are susceptible to SBR infection based on inoculation studies (3) , with field reports of the disease on soybean and kudzu (Pueraria montana) predominating in the United States (36) . During the past six winters, P. pachyrhizi has survived in the United States along the Gulf Coast on kudzu (22, 30, 36) . In each of the following years, it spread throughout soybean production areas in the southern United States and into the continental interior of North America, causing infection in soybean as far north as Ontario in 2007 (36) .
Prior to 2004 and in anticipation of the arrival of soybean rust in the United States, the USDA funded several studies of its global movement and likely invasion scenarios (16) . The same agency also funded an innovative Soybean Rust website, later called the Integrated Pest Management Pest Information Platform for Extension and Education (ipmPIPE), which was launched in mid-March 2005 (20) . Included in the ipmPIPE design was a vigilant continental-scale disease monitoring network coupled with national and state specific guidelines for efficacious fungicide management practices (36) .
As part of the ipmPIPE design, an extensive system was established to monitor for disease symptoms on a frequent basis throughout the period when the soybean crop was at risk from the pathogen. The goal was to demarcate the geographic extent and severity of SBR in the United States and Canada as it changed throughout the growing season (20) . This system included observations of SBR in sentinel plots (small areas planted to a susceptible host in advance of the local commercial crop), kudzu patches, and commercial fields. The monitoring program, known as the Sentinel Plot Network, has subsequently expanded to soybean production areas in Mexico (36) . Because fungicide efficacy requires applications before the disease reaches 5% incidence on lower-canopy foliage (6) , timely communication is necessary for a successful soybean rust control program. The ipmPIPE was paramount to limiting yield losses to soybean rust in North America by providing e-mail warnings, map depictions of movement, and instructive state commentary as to the best control periods and tactics. Threequarters of the crop advisers surveyed in 2007 reported visiting the ipmPIPE, with 80% visiting the site more than five times (4) . Respondents also gave the site overwhelmingly positive reviews in terms of meeting their information needs and felt confident in using the information provided on the website as a basis for management recommendations to growers. In the case of the northern soybean production regions of the United States and Canada, specialists were able to use the ipmPIPE to assure growers that their crop was not at risk from the pathogen. This information averted the use of fungicides that would have been applied unnecessarily to millions of soybean acres (31) . Estimates of savings to U.S. soybean growers that have resulted from activities associated with the ipmPIPE vary greatly (6, 31) and include a conservative calculation of about $200 million per year (9) .
Observations of P. pachyrhizi urediniospores collected from the air in dry and wet deposition traps (2,12,23,33) have been used to supplement the Sentinel Plot Network. Because the number of days between deposition of P. pachyrhizi urediniospores and the subsequent appearance of rust pustules is 7 to 10 days under ideal conditions (27) and typically 2 to 3 weeks longer in the field (17) , spore trapping can provide valuable information for disease risk assessment. The identification of P. pachyrhizi urediniospores in wet deposition collectors is particularly useful for providing early warning of SBR incursions in areas far away from inoculum sources. This is because cloud cover generally associated with strong airflows that produce precipitation blocks much of the ultraviolet radiation, allowing P. pachyrhizi urediniospores in the air to remain viable over transport distances of hundreds to thousands of kilometers (1) . In addition, rain has the potential to remove spores from an entire air column extending from the top of clouds to the Earth's surface, depositing them onto a host in a wet and cloudy environment suitable for germination and infection (32) .
Computer simulation models, such as the Integrated Aerobiology Modeling System (IAMS; 16, 19) and the St. Louis University/Iowa State University Rust Prediction Model (29) , provide an additional source of information on risk of SBR spread. The IAMS has been run daily during the past six growing seasons, using the observed distribution of SBR-infected areas from the Sentinel Plot Network as input. The IAMS generates a large number of maps including predictions of wet deposition of viable P. pachyrhizi urediniospores on soybean and areas at risk for SBR disease development. These maps, posted daily on the ipmPIPE website, are used by state extension pathologists in combination with the observation maps to construct commentary on the risk of SBR spread for their stakeholders (18) .
Although the ipmPIPE has clearly been effective for managing SBR, the system is costly to operate and will require a stable, recurring source of funds to support its operation in the next decade (5, 14) . In 2005, the Sentinel Plot Network spanned 26 states with an average cost of $40,000/state (13) , and a survey of soybean extension pathologists from 31 states suggests that the total funding received for the SBR monitoring program in 2007 was about $1.6 million (S. A. Isard, unpublished) .
This study has two objectives. The first is to compare and contrast observations of P. pachyrhizi urediniospores identified in rain collections from the continental interior of North America with IAMS simulations of wet deposition of viable SBR spores for the 2007 and 2008 growing seasons. The second objective is to provide data to support the premise that spore trapping and aerobiological modeling can reduce our reliance on the costly Sentinel Plot Network while maintaining the effectiveness of the ipmPIPE system for SBR management. For the purposes of this study, the continental interior of North America includes all states and southern portions of Canadian provinces to the north of the line formed by the southern borders of Kansas, Missouri, and Kentucky, between the Appalachian and Rocky Mountains.
Materials and Methods
Sentinel Plot Network. The Sentinel Plot Network for SBR in the United States and Canada consisted of 751 plots in 2007 and 694 in 2008 (36) . More than 80% of the plots were planted to soybean, with the rest established in wild kudzu patches and other leguminous crops (9) . In soybean plots, the cultivar, planting date, and scouting frequency varied throughout the network in accordance with the sentinel plot protocol (36) . Two soybean cultivars, one from the maturity group typically used in the surrounding area and the second from an earlier maturing cultivar group were generally planted on dates 1 to 2 weeks earlier than those in the surrounding commercial soybean fields. The monitoring protocol required that 100 leaves from the lower to middle canopy be inspected for SBR by a trained plant pathologist. In a few states, the inspection occurred in the field; however, in the majority of cases, the leaves were incubated for 24 to 48 h and examined in the laboratory using a microscope. Scouting occurred on a weekly basis once the soybean plants began to flower and continued until they began to senesce. Prior to flowering, scouting was usually less frequent.
The first positive find of SBR in each state was confirmed by the USDA National Plant Diagnostic Network laboratories and in each Canadian province by the Agriculture and Agri-Food Canada rust biosystematics laboratory in Ottawa, using polymerase chain reaction (PCR) assay (11, 24) . Thereafter, additional positive identifications were confirmed by PCR and/or visually by an extension pathologist (9 (2) .
All filters in the United States and Canada were processed and analyzed for the presence of P. pachyrhizi DNA using the procedure described in Barnes et al. (2) . The procedure does not provide information on spore viability at the time of deposition. Briefly, filters were first sonicated and centrifuged to remove residue, then the DNA was extracted and amplified using a nested quantitative polymerase chain reaction assay (qPCR) with a P. pachyrhizi specific Taqman probe. The detection limit on this procedure was one to two spores per sample, which translates into 15 to 30 spores/m 2 . A standard curve was created to estimate the number of spores per rain sample by picking individual P. pachyrhizi spores and running them through the assay. For this analysis, the spore loads of samples positive for P. pachyrhizi were categorized in relative terms as high (>430 spores/m 2 ), moderate (430 to 81 spores/m 2 ), low (80 to 16 spores/m 2 ), and trace (<15 spores/m 2 ) based on the qPCR values. Both the U.S. and Canadian groups sequenced a subset of amplicons from several positive samples. Consensus sequences were compared to other DNA sequences through BLASTN analysis of sequences available on the GenBank website and previously obtained sequences (2) to further demonstrate that the spores captured in rainwater were P. pachyrhizi.
IAMS. The IAMS was used to forecast the geographic spread of SBR in North America from April through December. The model was configured with six modules including spore release and escape from the plant canopy, atmospheric transport, mortality due to exposure to solar radiation, dry and wet deposition of spores, host development at destinations, and disease progress on these hosts. The latter two modules were not used in this study. A full description of the model is provided in Isard et al. (19) .
The domain of the model is a polygon extending from 7.5 to 50°N latitude and from 60 to 130°E longitude with a time step of 1 h. The surface grid resolution of IAMS is approximately 10 km, while the vertical resolution is defined by the standard pressure levels (1,000, 950, 900, 850, 800, 700, 600, and 500 kPa), which gives as many as eight 3-dimensional "atmospheric cells" above each grid cell on the ground. The weather data to drive the simulations are output from U.S. National Oceanic and Atmospheric Administration National Center for Environmental Prediction models and the U.S. National Weather Service Weather Surveillance Radar, 1988, Doppler Stage IV radar precipitation model.
The IAMS relies on host acreage and sentinel plot observations to estimate the spore release rate from source areas in a grid cell. Spore release from an infected soybean or kudzu location is assumed to occur over a 6-h, midday period, and the escape of spores from a canopy is estimated as a function of plant development and surface wind speed. All spores escaping the canopy enter the lowest atmospheric cell above an infected surface grid cell. During subsequent time steps, the spores spread out from the atmospheric cell in an arc centered on the mean wind vector for the hour. Vertical movements of spores among atmospheric cells occur in the direction of the vertical wind vector. The number of spores in each destination atmospheric cell is the sum of the contributions from all other atmospheric cells for the preceding hour interval. Spores are killed following exposure to UV radiation after transport during each time step. Dry deposition occurs when it is not raining and there is downward vertical motion, and wet deposition is estimated as a function of the surface precipitation. For this analysis, wet deposition of viable spores was summed over weekly time periods to correspond with rainwater collection periods. 
Results and Discussion
Soybean rust spread in 2007. By the end of April 2007, sites with P. pachyrhizi infected kudzu in the United States could only be found within the Florida peninsula (36) . May was a particularly dry month in the southeast, reinforcing an ongoing drought that continued throughout the summer and kept SBR at low levels east of the Mississippi until late August. In contrast, precipitation was generally above normal in the southwestern portion of the Mississippi River basin during the late spring and early summer. The first report of SBR in Louisiana occurred on 11 May, and a report from eastern Texas soon followed. By the end of July, the disease had been found on soybean throughout eastern Texas, central Louisiana, southwestern Arkansas, and southeastern Oklahoma.
P. pachyrhizi was detected in only a few of the rain samples from the United States and Canada during June 2007 (Table 1 ). In general, the locations from which the samples were positive for P. pachyrhizi were dispersed throughout the eastern portion of the continent and the spore loads in the positive samples were low and trace levels (<80 spores/m 2 ). A notable exception was a collection during the week of 6 to 12 June from the coastal region of South Carolina with an estimated spore load of 600 spores/m 2 . The IAMS simulations for the 2-month period also indicated very low potential for long-distance SBR spread into the continental interior of North America.
The first period in 2007 with spatially clumped P. pachyrhizi spore loads occurred in early July. Three collectors in Ohio and one each in Indiana, Iowa, southern Ontario, and Saskatchewan had positive samples during the first full week of the month, while seven samples from southern Ontario and one each from Ohio and Saskatchewan were positive for P. pachyrhizi the following week. All these samples were low and trace levels. IAMS predictions for the corresponding period included relatively heavy deposition of viable spores within the Mississippi River valley in eastern Arkansas, northwestern Mississippi, and extreme western Tennessee to the south of where P. pachyrhizi positive samples were observed. This event was followed by a drought that developed in a large area centered on the Indiana-Ohio border. Only a few of the rain samples over the next month tested positive for P. pachyrhizi. These samples had low and trace spore loads and were dispersed over eastern North America. The IAMS simulations for the corresponding weeks indicated a very low risk of SBR spread beyond the infected region of eastern Texas, central Louisiana, southwestern Arkansas, and southeastern Oklahoma.
The situation changed dramatically during the second week of August. By this time, SBR had been found in 42 counties in Texas, Oklahoma, and Louisiana, providing an ample source for SBR inoculum for long-distance transport. On 8 and 9 August, a middle latitude storm system traversed the High Plains advecting warm moist air and P. pachyrhizi urediniospores from the infected counties. The storm system caused heavy precipitation in a broad belt including Nebraska, Kansas, Iowa, Missouri, Illinois, Indiana, and states further east. Both the IAMS output and rain collections for the 8 to 14 August 2007 period indicated wet deposition of spores in the Midwest states and Canada (Fig. 1A) . On 16 August, Tropical Storm Erin made landfall near Lamar, TX. During the subsequent 4 days, the storm system moved slowly in a broad arc, first northwest, then north, then northeast across Texas, and into Oklahoma, traversing more than 20 counties with fields infected with SBR. Over the same period, a middle latitude storm system swept across the northern Plains and Great Lake regions, dumping copious amounts of precipitation from the Dakotas, through Minnesota, Iowa, Wisconsin, Illinois, Indiana, Michigan, Ohio, and Ontario. IAMS output for the period indicated spore transport from the infected fields in the southern Plains with moderate levels (430-81 spores/m 2 ) of deposition of viable spores in Kansas, Missouri, southern Iowa, Illinois, Indiana, and western Ohio (Fig. 1B) In the week following Tropical Storm Erin, a strong low-pressure system became established over the Great Lakes with strong winds blowing from northern Texas and Oklahoma toward the lakes. Again, the IAMS output indicated transport and moderate levels of deposition of viable P. pachyrhizi spores in eastern Kansas and Nebraska, Missouri, southern Iowa, and Indiana (Fig. 1C) . During this week, two rain samples from Iowa, three from Illinois, and one each from Kentucky, Indiana, and southern Ontario were positive for P. pachyrhizi.
A series of cold fronts associated with strong air flows from the south traversed the continental interior of North America during September. Both the IAMS and the spore collections indicated moderate levels of deposition of SBR spores in small regions of the continental interior for the 29 August -04 September period (Fig.  1D) . IAMS output indicated stronger potential for spore transport from the infected regions northward during most of the remaining weeks in the month. Spore sampling from the rain collection network ceased after the second week of September 2007, and a few widely dispersed locations received low levels of P. pachyrhizi spores in the final sampling period.
The
predictions indicated substantial incursions of P. pachyrhizi urediniospores into the region. Reports from Illinois and Missouri followed in the same week. By the end of September, soybeans throughout the northern states had begun to senesce, and sentinel plot monitoring had for the most part been discontinued. However, over the next month, SBR was found in Iowa, Nebraska, Indiana, and as far north and east as southern Ontario. Overall, SBR was reported in 355 U.S., 1 Canadian, and 2 Mexican counties or municipalities in 2007, 72 of which were in the continental interior of North America (Fig. 2) , with the vast majority of the observations in August, September, and October (Fig. 3) .
Soybean rust spread in 2008. The spread of SBR in the southern United States occurred more slowly in 2008 than during the previous year. By mid-April, locations with P. pachyrhizi infected kudzu in the United States could only be found within the Florida peninsula (36) . The disappearance of SBR from the winter monitoring sites in coastal Louisiana and eastern Texas may have been due to a cold outbreak in mid-April coupled with dry conditions west of the Mississippi River. The drought from the previous year continued throughout the spring and summer months in much of Alabama, Georgia, and southern Mississippi. The first report of P. pachyrhizi on kudzu occurred in Texas on 19 April and in Louisiana on 27 May. However, the next report from west of the Mississippi River did not occur until 28 July, when rust was found in the Rio Grande Valley on soybean. During January and February, SBR had been found at three locations in Mexico but was no longer present at the beginning of June. By the end of July, outside of the state of Florida, SBR was only known to be present in three counties west of the Mississippi River, one county in extreme southern Georgia, and in two counties along the Alabama coast.
P. pachyrhizi was detected in low to trace spore loads (<80 spores/m 2 ) and in widely dispersed rain samples from the United States and Canada during May through August 2008 (Table 2) . Notable exceptions occurred during the last week in June and the first week in July, when strong cold fronts traversed the Great Lakes region, advecting warm moist air and P. pachyrhizi spores northward from the southern United States. During the last week in June, 15 collection sites in Alberta, South Dakota, Kansas, Illinois, Wisconsin, Ohio, and Ontario recorded low and trace spore loads. Rain samples the following week from 14 locations in the Sas- katchewan, Manitoba, Kansas, Minnesota, Illinois, Kentucky, and southern Ontario contained low and trace levels of P. pachyrhizi urediniospores. The IAMS predicted only low levels of SBR spore deposition in the continental interior during this period.
Tropical Storm Fay brought abundant rainfall to the southeastern United States during late August 2008, with as much as 10 to 25 cm more precipitation than normal for the month. By early September, SBR had been reported in the Delta region of Mississippi and Arkansas. On 1 September, Hurricane Gustov made landfall in Louisiana. Although the system downgraded rapidly, the center of the low moved slowly up the Mississippi River Valley over the subsequent 5 days. In the upper Mississippi River Valley, the tropical low merged with a middle latitude storm system to produce copious amounts of precipitation across eastern Iowa, Missouri, Illinois, Indiana, and Michigan. Moderate levels (430 to 81 spores/m 2 ) of P. pachyrhizi urediniospores were reported for three rainwater collectors in Illinois and Indiana, while a sample from Wisconsin had a low level of spores during 03 to 09 September. Over the next 2 weeks, SBR continued to be found in additional counties in the Delta region and was also identified in northern Alabama, central Georgia, and throughout South Carolina. On 13 September, Hurricane Ike made landfall in eastern Texas. This system weakened rapidly and over the next 2 days moved quickly up the Mississippi River Valley and across the Great Lakes. Moderate P. pachyrhizi spore loads were detected in the 10 to 16 September rain samples from one location in western South Dakota, two in Wisconsin, and one in Ohio (Fig. 1E) , while low levels of SBR spores were detected from a second site in Ohio. IAMS predicted moderate levels of P. pachyrhizi spore deposition in the upper Mississippi River Valley for this period as well.
The first report of SBR symptoms on soybean in the continental interior in 2008 came from Kentucky on 16 October and was soon followed by reports from Illinois. As in 2007, 5 to 6 weeks elapsed between the period when both the rain samples and IAMS simulations indicated P. pachyrhizi urediniospore deposition and SBR was reported in the continental interior region. Monitoring had generally ceased by the end of the month in the region, by which date SBR had been reported in 10 counties from 3 states within the continental interior. In 2008, SBR was observed in 409 counties in the United States and 15 municipalities in Mexico, with no reports from Canada (Fig. 2) . The majority of the observations occurred in September and October (Fig. 3) . Correspondence between detection of P. pachyrhizi in rain samples and IAMS predictions. The detection of P. pachyrhizi in rain samples from the continental interior was compared to the IAMS wet deposition predictions for the 15 and 19 weeks in 2007 and 2008, respectively, for which spore data from the NADP/NTN and Canadian networks are available. It should be noted that P. pachyrhizi detection in rain samples and IAMS SBR spore deposition predictions are not strictly comparable. The spore samples from the rain collection network represent point observations, whereas the spatial resolution of the IAMS predictions is approximately 10 km 2 . Summertime precipitation is often highly variable over short distances, and consequently spore deposition observations from a single collector may not represent well the deposition of spores within a larger area such as a county. In contrast, the IAMS is very sensitive to the parameterization of the inoculum source region. The accuracy of the aerobiology model spore deposition predictions decreases dramatically as the number and extent of unreported SBR infections in potential source regions increase. Unknown P. pachyrhizi infestations in Mexico and/or the Caribbean islands as well as in the southern United States could cause substantial IAMS spore deposition prediction errors early in the growing season for the continental interior region (35) . In addition, the IAMS predicts deposition of viable P. pachyrhizi spores while the rain network collects both viable and nonviable spores. For these reasons, the output from the model and data from the rain collectors are complementary.
Rain samples with trace and low spore loads of P. pachyrhizi and IAMS deposition predictions with trace and low densities of spores are difficult to interpret with respect to SBR spread. The assumptions in the IAMS concerning spore transport and deposition result in enough ambiguity that a trace or low prediction may or may not be significant with regard to SBR disease spread. Spores collected in rain water samples may or may not be viable. This uncertainty in viability contributes ambiguity to the interpretation of trace and low observations. Because of these observation and modeling shortcomings, a week was considered affirmative for P. pachyrhizi transport if one or more rain samples from monitoring sites in the continental interior region recorded a moderate P. pachyrhizi spore load (high levels of spores were not recorded in samples from the region during the study period). Similarly, a week was considered affirmative for P. pachyrhizi transport if the IAMS wet deposition of viable spores output map indicated a moderate or high level of deposition at any location within the region. P. pachyrhizi urediniospore transport into the continental interior of North America was negative using the moderate/high level deposition criteria for both the rain collection network observations and IAMS predictions during the majority of weeks in the 2007 (9) and 2008 (16) study periods. Both the observations and predictions of P. pachyrhizi urediniospore deposition were positive for 4 weeks and 1 week in 2007 and 2008, respectively (Fig. 1) . Consequently, the observations and predictions agreed for 87 and 89% of the 2007 and 2008 sampling periods, respectively. Disagreement between the observations and model output occurred on 4 weeks in the two seasons. In two of these weeks (Fig. 4A and C) , there was a single rain sample with a moderate level of P. pachyrhizi urediniospores in the continental interior, while the IAMS predicted low deposition in the region. In another case, the IAMS predicted low spore deposition in a large portion of the continental interior, and three rain samples in the region indicated moderate P. pachyrhizi spore loads (Fig. 4D) . Only in one week (Fig. 4B) was the level of disagreement substantial. In this case, the IAMS predicted moderate to high levels of spore deposition in sections of Kansas, Nebraska, Missouri, and Iowa, but only low levels of P. pachyrhizi spores were detected at four widely dispersed continental interior rain monitoring sites.
Although interpretation of trace and low spore loads in rainwater samples and IAMS deposition predictions with trace and low densities of spores are questionable due to observational and modeling shortcomings, they also display strong correspondence for the study period. The observations and predictions of spore deposition in trace and low categories within the North American continental interior corresponded for 56 and 69% of the weeks in 2007 and 2008 for which neither the spore deposition observations nor the IAMS spore deposition predictions were in the moderate or high categories (9 and 16 weeks for 2007 and 2008, respectively) .
Relationship between observations and predictions of P. pachyrhizi urediniospore deposition and SBR incursions into the North American continental interior. Each year since 2005, P. pachyrhizi urediniospores have been blown from the Gulf Coast region, where the pathogen is able to overwinter on kudzu, into the major soybean production region in the North American continental interior where it has infected the soybean crop. Fortunately, these incursions into the continental interior have occurred too late in the growing season to reduce yield and necessitate fungicide applications (6, 25) . In each year, the scenario of disease spread is similar. (i) The pathogen overwinters along the Gulf Coast on kudzu and on a variety of hosts in Mexico and the Caribbean basin.
(ii) The disease spreads into commercial soybean fields in southern states that are typically in their early reproductive stages when and where there is a prolonged period of wet weather and daytime temperatures that are not extremely hot. (iii) Inoculum levels increase to high levels in southern soybean fields and kudzu patches. This increase can be affected by a combination of factors including continuation of wet conditions, shortening day length, onset of cool weather, and/or the maturation of the crop beyond a stage that requires fungicide applications for maintaining yield, and thus the disease is allowed to progress unchecked. (iv) P. pachyrhizi urediniospores are transported to commercial fields in the interior of the North American continent by large-scale southerly airflows associated with tropical or middle latitude storm systems.
In 2007, SBR was identified in the continental interior in the third week of September. Sporulation of SBR had become widespread in eastern Texas, Louisiana, and southern Oklahoma in early to mid-August, approximately 5 to 6 weeks earlier. During this same period, both middle latitude and tropical storm systems with the potential to transport spores long distances into the continental interior impacted the central United States. The long-distance aerial spread of P. pachyrhizi into the continental interior occurred about one month later in 2008 than in 2007. Reports of SBR were not prevalent in the southern United States until early September 2008, when the disease became widespread in the Delta region of Arkansas and Mississippi. A series of tropical weather systems that made landfall along the Gulf Coast west of the Mississippi River transported P. pachyrhizi urediniospores into the continental interior at this time. As in the previous year, SBR was identified in the continental interior between 30 and 40 days after both the detection in rain samples and IAMS predictions indicated substantial incursions of P. pachyrhizi spores into the region (Fig.  1B and E) . A similar scenario of SBR spread occurred in 2006 (2, 19) .
Maintaining the effectiveness of the ipmPIPE system for SBR management. A primary goal of a plant disease monitoring network is to provide timely warning of disease spread for the purpose of effective crop management that minimizes fungicide use and maximizes growers' profits. The SBR Sentinel Plot Network has been operating as part of the ipmPIPE system since 2005 in the soybean production regions of the United States and Canada and was expanded into Mexico in 2007. Over that period, the system has been very successful at: (i) providing early warning to soybean producers in the southern United States of the need to spray fields to protect their crop yields, and (ii) reassuring extension specialists, crop consultants, and soybean growers in the continental interior of North America, at times when their crop was susceptible to significant yield loss from SBR, that their fields were not at risk. This information has been needed to counter occasional rumors of SBR incursions into the continental interior and has likely saved the use of fungicides that would have been applied unnecessarily to millions of soybean acres (31).
Li et al. (25) argue that neither high daytime air temperatures nor opportunities for spore dispersal are responsible for limiting SBR spread in North America. Noting that day length in summer is substantial in the high-latitude regions of North America, they suggest that the late season spread into the continental interior may be associated with suppression of the disease by long day length in June and July. Exposure to sunlight has a detrimental effect on P. pachyrhizi spore viability germination and infection efficiencies (15, 26) . Our spore sampling data from rain collections throughout the continental interior support the assertion that the risk of soybean rust spread in North America is low from May through midAugust and then increases dramatically (Fig. 5 ). Although samples with low and trace levels of spores occur in the region throughout the summer, samples with moderate level only occurred in the late season. Given the high sensitivity of P. pachyrhizi urediniospores to sunlight and the length of exposure during their 75-to 100-h aerial journey from the Gulf Coast to the continental interior, one must assume that most spores are nonviable upon deposition in the continental interior, even if traveling under cloudy conditions (15) . In addition, Dufault et al. (8) report that only 10 to 25% of P. pachyrhizi urediniospores wet deposited on soybean foliage during heavy summer rains are retained long enough to germinate and infect. These considerations suggest that the risk of soybean rust establishment in the continental interior from trace and low spore deposition events may be minimal, highlighting the importance of moderate and high level spore deposition events to disease spread.
The experience of the North American response to the soybean rust incursion has given rise to the proposal that the online information derived from the combination of sentinel plot monitoring, spore trapping, and aerobiology model simulations may be providing coordinated, continent-wide control of soybean rust. This thesis purports that distribution of this information through the ipmPIPE and other communication networks results in effective soybean rust management in the southern United States. Efficacious management coupled with the adverse effects of high levels of solar radiation on soybean rust disease development during June and July may retard the production of P. pachyrhizi inoculum and the subsequent northward movement of spores into the continental interior.
Beginning with the first documented evidence of P. pachyrhizi in sentinel plots planted to soybean in southern states during early summer, timely monitoring and targeted fungicide applications in local commercial fields control a variety of diseases until pod set in late summer. These applications keep P. pachyrhizi inoculum levels low, with the result that the numbers of spores produced are insufficient to threaten the larger soybean production acreage in the interior of the United States and Canada (6) . Once soybeans in southern fields reach the late bean fill stage, fungicide applications cease and the disease begins to spread aggressively in southern commercial fields and neighboring kudzu patches where environmental conditions are conducive to infection. Both tropical and middle latitude weather systems have the potential to move large numbers of spores northward. However, by late summer when this movement occurs, soybean plants within the continental interior are in their late stages of development with little economic vulnerability to disease. In short, the soybean rust Sentinel Plot Network and ipmPIPE information delivery system enables control of soybean rust in southern commercial fields. Timely control practices suppress the buildup of inoculum and retard the subsequent spore movement northward, protecting the substantial acreage of soybean produced in the North American continental interior. The assurance provided by the monitoring network, aerobiology model output, and spore collections to extension specialists, crop consultants, and soybean growers in northern production areas that their fields are not at risk during the summer is an additional benefit providing substantial savings to North American soybean growers (9) .
The argument is growing that the cost of maintaining the SBR Sentinel Plot Network throughout the entire North American soybean production region is too high to be sustainable given that SBR has not caused measurable yield reduction in the continental interior since its incursion into the continent. In 2010 and 2011, the United Soybean Board funded monitoring of sentinel plots in southern states while the USDA supported the ipmPIPE communication and information delivery functions. Monitoring of sentinel plots for SBR in most northern states was discontinued, although local soybean grower groups provided support for monitoring in some states and in Ontario. Continued grower association funding for SBR sentinel plot monitoring in Gulf Coast states coupled with USDA support for the IT platform should enable early warning to soybean growers in the southern United States of the need to spray fields in the future. However, given the delayed transport of spores in numbers that are injurious during a growing season, rain collectors may suffice as the only monitoring network in the North American continental interior.
Irrespective of the mix of sentinel plots and spore trapping, some form of SBR monitoring is required over the entire North American soybean acreage. Aerobiology models, such as the IAMS and St. Louis University/Iowa State University Rust Prediction Model (29) , are highly dependent on accurate knowledge of the geographic distribution and intensity of P. pachyrhizi spore production in the United States, Mexico, and Caribbean basin. Parameterization of these models using disease observations from a monitoring network in the Gulf Coast states is necessary to predict P. pachyrhizi spore transport and subsequent disease development in continental interior soybean production regions. Another important value of a spore trapping system in the continental interior and aerobiology modeling is the assurance given to crop consultants and extension specialists that conditions are not right for SBR incursions and that consequently growers may avoid the cost and effort of applying a fungicide for SBR control.
As a final note, there may be an additional advantage for relying on rain collectors as part of the SBR monitoring network in the North American continental interior. Spore collections for rainwater samplers can be important components of biosecurity monitoring networks (21) . The expansion of the PCR analysis of rain samples from this network to include multiple airborne pathogens that cause corn rusts (Puccinia sorghi and Puccinia polysora) and wheat rusts (Puccinia graminis, Puccinia striiformis, and Puccinia triticina), in addition to P. pachyrhizi, could make an important contribution to North American biosecurity.
